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ABSTRACT 


The  design  considerations  and  synthesis  procedures  involved 
in  construction  of  a  variable-passband  analog  cancellation  filter 
for  use  in  a  range-gated  Moving-Target-Indicator  (MTI)  radar  are 
presented.     A  three-pole   Chebychev  comb  filter  built  using  field- 
effect  transistors  and  integrated-circuit  operational  amplifiers 
was  tested  and  the   results  are  compared  with  theoretical  values. 
The  merits  of  this  type  of  filter  in  a  range-gated  radar  are  discus- 
sed and  the  performance  of  a  complete  range  channel  containing 
the  filter  is  compared  in  the  AN/UPS-1  air- search  radar  with 
normal  radar  operation  using  a  delay-line  canceller. 
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I.       INTRODUCTION 

The  performance  of  a  modern  surveillance  radar  must  meet 
many  demanding  specifications.     Several  factors  which  must  be 
considered  are  the  wide  range  of  aircraft  speeds  (from  helicopters 
to  supersonic  jets)  and  the  large  amount  of  air  traffic.      In  the  case 
of  military  radars,    the  increased  ability  of  an  enemy  to  utilize 
active  and  passive  countermeasures  to  decrease  the  detection 
capabilities  of  the  radar  must  also  be  taken  into  account.      Many 
times  it  is  necessary  to  try  a  new  approach  to  solve  the  problems 
presented  by  more  stringent  performance  criterion.      This  is  the 
case  in  dealing  with  the   requirement  for  an  MTI  radar  to  have  an 
increased  subclutter  visibility*  without  increasing  the   signal-to- 
noise  ratio  required  to  detect  a  target  in  the  clear. 

A.         DELAY-LINE  CANCELLERS 

The  delay-line  canceller  MTI  radar  uses  the  change  in 
frequency  of  the  radar  return  signal  from  a  moving  target  to 
distinguish  it  from  fixed  targets.      This  frequency  change  is  due 
to  the  well  known  Doppler  shift  of  a  moving  object.      The   relationship 


Subclutter  visibility  is  the  maximum  ratio  of  the  echo 
power  received  from  a  stationary  object  to  the  power  received 
back  from  a  moving  target  for  which  the  target  can  still  be 
observed  using  the  Doppler  effect  and  is  usually  expressed  in 
decibels  (dB). 


between  Doppler  frequency  and  the  velocity  of  a  target  is  given  by: 

2V 
_       _       r  V       =     radial  component  of  target 

d  ^  velocity 

*    =    wavelength  of  radar 
Fi     =     Doppler  frequency 
Successive  radar  pulses   returned  from  a  moving  target  are,    after 
detection  in  a  phase- sensitive  detector,    amplitude  modulated  at 
the  Doppler  frequency  of  the  target.      Successive  pulse  returns 
from  a  stationary  target,    however,    have  the   same  amplitude.     Since 
pulses  are  separated  in  time  by  the  pulse- repetition  period  of  the 
radar,    if  successive  pulses  are  subtracted  the  stationary  targets 
are  eliminated  and  only  moving  targets   remain.      This   subtraction 
(cancellation)  is  done  by  providing  two  signal  paths  for  the  pulse 
return  (after  mixing  down  to  video  frequency),    one   straight  thru 
path  and  one  path  introducing  a  delay  equal  to  the  pulse- repetition 
period.     A  block  diagram  of  a  typical  delay-line  cancellation  unit 
is  shown  in  Figure  1(a)  without  the  timing  and  automatic  gain 
control  (AGC)  circuitry.     A  more  complete  discussion  of  delay 
lines  and  cancellers  is  given  in  Ref.    1. 

Radars  using  delay-line  cancellers  are  the  earliest  form  of 
MTI  radars  and  are  still  the  principal  type  employed.      The  sub- 
clutter  visibility  and  required  signal-to-noise  ratio  of  this  type  of 
radar  has  been  improved  along  with  normal  improvements  in  the 
components  of  the  system,    but  a  number  of  deficiencies  still  exist 
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FIGURE  1:   SINGLE  DELAY -LINE  CANCELLER 


11 


which  limit  the  performance  of  the  delay-line  canceller.      Some  of 
the  main  drawbacks  of  the  delay-line  canceller  are  listed  below. 

1.  Large  loss  due  to  transducers   required  to  transform  the 
electrical  signals  into  acoustic  signals,    which  can  be  readily 
delayed  due  to  a  much  lower  velocity  of  propagation,    and  to 
reconvert  the  output  of  the  acoustic  delay  line  into  electrical 
signals. 

2.  Instability  of  exact  length  of  delay  due  to  temperature  changes 
in  the  delay  line. 

3.  Undesired  secondary  signals  introduced  by  unwanted  reflec- 
tions within  the  delay  line. 

4.  Degradation  of  signal-to-noise  ratio. 

5.  Variation  in  amplitude  of  signal  at  point  A  of  Figure   1(a) 
from  that  at  point  B  resulting  in  imperfect  cancellation. 

6.  Breakdown  of  a  single  key  component  renders  the  entire 
system  inoperable. 

7.  Inefficient  Doppler  filter  characteristics  of  a  single  delay- 
line  canceller  as  shown  in  Figure  1(b), 


Some  fundamental  limitations  in  present  delay  lines  prevent  much, 
improvement  in  several  of  these  categories.      For  instance,    trans- 
ducer loss  (40  to  60  db),    which  must  be  made  up  by  the  amplifier 
following  the  delay  line  of  Figure   1(a)  and  the  Doppler  filter 
characteristic  of  Figure   1(b)  are  basic  properties  of  this  method. 
More  ideal  Doppler-frequency  responses  are  theoretically  possible 
using  several  delay  lines  and  feedback,    but  because  of  the  cost  of 
present  delay  lines,    a  multiplicity  of  extremely  tight  tolerances, 
and  stability  problems  with  the  feedback  loop  this  has  not  proven 
to  be  feasible. 
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B.  RANGE  GATING 

An  MTI  radar  can  also  be  constructed  using  range -gated 
filtering  (RGF)  in  which  the  bipolar  video  output  is  fed  into  a  series 
of  range  channels,    each  of  which  represents  a  range  interval  com- 
parable to  the  pulse  width  of  the  radar.      Successive  pulses  from 
the  same  target  are  therefore  processed  by  the   same   range  channel 
and  the  elimination  of  stationary  targets  is  accomplished  in  each 
channel  by  use  of  a  clutter- rejection  filter,      This  eliminates  the 
need  for  a  delay  line  in  the  video-processing  unit  of  an  MTI  radar. 
A  more  complete  presentation  of  range-gated  radars  is  given  in 
Ref.    1.     A  block  diagram  of  a  typical  range  channel  is  shown  in 
Figure  2(a). 

The  principles  and  theory  involved  in  MTI  by  RGF  have  been 
well  known  for  many  years,    but  because  of  the  size,    weight  and 
cost  considerations  involved  in  building  the  large  number  of  chan- 
nels required,    this  type  of  radar  was  not  practical  until  recently. 
As  an  example  of  the  large  number  of  circuits  involved,    the 
AN/UPS-1  (a  delay-line  canceller  type  of  radar)  has  a  1.  4-micr- 
second  pulse  width,    corresponding  to  a  range  interval  of  420 
meters;  an  MTI  by  RGF  radar  having  the  same  gate  width  and  a 
range  of  80  nautical  miles  would  require  715  channels. 

The  MTI  by  RGF  concept  theoretically  removes  most  of  the 
deficiencies  in  a  delay-line   canceller  MTI       For  instance,    all 
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(a)   Block  Diagram  of  a  Single  Range  Channel 
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channels  are  operated  in  parallel  so  that  if  one  breaks  down  very- 
little  information  is  lost.     Also,    improvement  in  the  Doppler  filter 
characteristic  can  be  accomplished  thru  use  of  more  ideal  filters. 
A  two-pole  filter  characteristic  is  shown  in  Figure  2(b)  corresponding 
to  the  response  of  an  RGF  video  processor  which  has  been  built 
and  is  discussed  in  Ref.    2.     The   response  of  this  filter  is  much 
closer  to  the  ideal  characteristic  than  is  the   response  of  the  delay- 
line  canceller  shown  in  Figure  1(b). 

The  advent  of  integrated  circuits  and  large-scale-integration 
(LSI)  has  made  the  construction  of  hundreds  of  circuits  in  a  small 
package  possible.      This  h.as  allowed  the  practical  implementation 
of  range -gated  radars  with  the  result  that  increased  subclutter 
visibility  and  better  signal-to-noise  ratio  have  been  obtained  than 
was  possible  with  delay-line  cancellers. 

Perhaps  the  most  important  part  of  a  range  channel  is  the 
filter  since  its  characteristic  determines  the   Doppler-frequency 
response  of  the  entire   system.     A  desirable  feature  of  this  filter, 
in  addition  to  a  flat  passband,    is  a  variable  rejection  bandwidth 
to  permit  adaption  to  different  clutter  spectral  characteristics. 

Construction  of  the  filter  can  be  accomplished  using  any  of 
four  general  types  of  filters  which  are  listed  below, 

1.  L-C  bandpass  filter 

2.  Active  bandpass  filter 

3.  Digital  filter 
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4.     Active  analog  cancellation  filter 

Since  the  filter  is  designed  for  use  in  the  low-frequency  range 
(for  a  radar  with  a  pulse -repetition  frequency  (PRF)  of  800  hertz 
(Hz)  the  passband  would  have  a  lower  cutoff  frequency  of  about  20 
Hz)  an  L-C  filter  is  impractical  in  terms  of  the   size  of  the  elements 
required. 

Active  bandpass  filters  using  Operational  Amplifiers  (OPAMPS) 
for  use  in  range -gated  radars  are  considered  in  Ref,    3,    and  two 
operational  MTI  by  RGF  systems  using  active  filters  in  the  range 
channels  are  discussed  in  Refs.    2  and  4. 

Digital  MTI  filters  are  discussed  in  Ref,    5  and  do  not  strictly 
fit  into  the  block  diagram  of  Figure  2(a).      They  are  basically  range- 
gated  and  have  been  included  here  because  of  the  importance  of  the 
concept  of  digital  filtering  in  radar  processing.      In  addition,    the 
process  of  weighted  pulse  cancellation  of  range-gated  pulses  used 
in  digital  form  can  be  similarly  implemented  in  analog  form  as  a 
method  of  synthesis  of  the  analog  cancellation  filter, 

The  active  analog  cancellation  filter  utilizes  the  same  prin- 
ciples involved  in  a  delay-line   canceller  except  that  the  filter  must 
only  cancel  stationary  target  returns  received  from  a  single   range 
interval.      The  frequency  response  of  the  analog  filter  is  thus 
periodic  at  the  PRF  of  the   radar. 

The   remainder  of  this  paper  develops  synthesis  and  con- 
struction techniques  for  variable -passband  analog  cancellation 
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filters,    and  discusses  the  building  and  testing  of  such  a  filter  and 
its  associated  range  channel. 
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II.        FILTER  DESIGN 

The  design  of  the  filter  must  take  a  number  of  factors  into 
account  such  as  the  method  of  cancellation  to  be  used,    the  desired 
frequency  response,  the  number  of  components   required  and  the 
method  of  synthesis  to  be  used.      The  final  design  must  be  the  result 
of  a  trade-off  between  how  closely  the  response  approaches  optimum 
and  the  maximum  number  of  components  considered  practical. 

A.  DESIRED  FILTER  CHARACTERISTICS 

The  ideal  filter  characteristic  shown  in  Figure  1(b)  does  not 
indicate  the  frequency  of  the  point  marked  C  below  which  there  is 
infinite  attenuation  and  which  determines  the  width  of  the   stop-band 
at  multiples  of  the  PRF.      If  all  clutter  were  stationary  with  respect 
to  the  antenna,    such  as  a  tower  being  irradiated  by  radar  pulses 
from  a  motionless  antenna,    this  clutter-rejection  notch  would  only 
have  to  reject  signals  at  zero  frequency.     This  is  obviously  not  the 
case  since  surveillance   radars  must  have  scanning  antennas,    and 
clutter  can  have  widely  varying  velocities  (Doppler  frequencies) 
depending  on  a  number  of  variables.      Some  of  the  factors  influenc- 
ing the  maximum  Doppler  frequency  of  clutter  in  addition  to  the 
radar  carrier  frequency  are:     variable  weather  conditions  (clouds, 
precipitation,    sea  state),    geography  of  the  area  surrounding  the 
radar  site  and  presence  of  passive  radar  countermeasures  such  as 
chaff.     An  example  of  the  Doppler-frequency  range  of  various  types 
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of  clutter  is   shown  in  Figure  3(a)  for  an  L-band  radar   such  as  the 
AN/UPS-1.      The  Doppler  velocity  information  used  to  construct 
this  Figure  is  taken  from  Ref.    6.      From  this  it  is  readily  seen  that 
a  filter  with  a  constant  cutoff  frequency  could  be  designed  to  counter 
a  single  maximum  clutter  frequency  but  would  be  ineffective  against 
clutter  occurring  at  higher  frequencies  as  illustrated  in  Figure  3(b) 
and  if  the  clutter  band  were  made  wide  enough  to  stop  all  possible 
natural  clutter  as  shown  in  Figure  3(c)  not  many  moving  targets 
would  be  visible  either,    due  to  the  narrow  passband  remaining. 

From  the  above  considerations  it  was  apparent  that  a  filter 
with  a  variable  cutoff  frequency  would  be  highly  desirable  and  could 
be  adjusted  to  give  an  optimum  response  for  any  clutter  conditions. 

The  frequency  response  of  the  delay  line  or  of  the  analog 
cancellation  filter  can  be  discussed  in  normal  filter  terminology 
by  considering  the  response  only  from  zero  frequency  to  the  PRF 
of  the  radar.      Using  this  basis  the  response  of  Figure   1(b)  can  be 
considered  as  a  single-pole  response  with  all  of  the  response 
characteristics  of  a  single-pole  filter.      Thus  in  order  to  design  the 
filter  a  decision  had  to  be  made  as  to  the  number  of  poles  and 
hence  the  number  of  dB-per-octave  falloff  desired.     A  3-pole  filter 
has  an  18-dB-per-octave  falloff  and  with  proper  design  can  be 
made  to  have  a  good  passband  shape.      The  type  of  filter  character- 
istic to  be  used  was  selected  using  standard  filter  design  techniques. 
The  Chebychev  3-pole  filter  was   chosen  from  among  the   standard 
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filter  types  (Butte rworth,    elliptic,    Chebychev,    etc.  )  and  has  a 
characteristic  shown  in  Ref.    1  and  7. 

B.  SYNTHESIS  METHODS 

An  active  analog  cancellation  filter  can  be  synthesized  using 
two  basic  techniques.      One  can  be  thought  of  as  a  parallel  operation 
in  which  successive  pulses  are  delayed  for  varying  lengths  of  time 
and  added  with  weighting  factors  to  produce  the  desired  character- 
istic.     Figure  4(a)  illustrates  a  system  in  which  five  successive 
pulses  are  added  to  yield  the  best  fit  to  the  ideal  case.      The  frequency 
response  for  the  given  coefficients  is  shown  in  Figure  4(b)  along 
with  the  ideal  response.      The  output  of  the  filter  is  just  the  sum  of 
the  delayed  inputs  and  can  be  expressed  as: 

VQ  =  a0+a]exp(-juuT)+a2exp(-j2(juT)+a3exp(-j3(JuT)+a4exp(-j4(JU  T) 
where  the  term: 

exp(j  (JO  T)  (in  which         U)  =  frequency  in  radians) 

is  the  transfer  function  of  a  delay  of  time  T  and  in  this  case  T 

would  represent  a  multiple  of  1/PRF  of  the   radar.      This  expression 

can  be   rewritten  as: 

V    =exp(-j2u)T)|_  aoexp(j2uuT)+a1exp(juuT)+a?+a3exp(-j  uuT) 

+a4exp(-j2tjjT)] 

If  the  phase  term  is  neglected  the  expression  can  be  seen  to  re- 
semble the  first  few  terms  of  a  complex  Fourier  series.      The  co- 
efficients  can  be  computed  from  the   Fourier  series  for  the  ideal 
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case  as  was  done  to  generate  the  values  used  in  Figure  4(b),      The 
curve  shown  is  a  2-pole  characteristic.     To  produce  a  3-pole 
characteristic  using  this  method  would  require  two  more  terms  in 
the  series  and  hence  two  more  delay  blocks  in  the  diagram.      This 
approach  is  easily  instrumented  using  digital  delay  techniques  as 
discussed  in  Ref.    5.      The  disadvantage  of  an  analog  circuit  using 
this  technique  is  that  each  incoming  pulse  must  be   stored  for  (in 
the  case  shown)  four  pulse- repetition  periods  and  the  output  of  each 
storage  bin  connected  to  the  output  adder  with  varying  coefficients 
at  varying  times.      This  is  an  extremely  difficult  proposition  re- 
quiring many  more  circuit  elements  than  the  method  given  below. 

The  second  technique  is  equivalent  to  delay-line  cancellation 
using  sampled  analog  delay  circuits   rather  than  continuous  delay 
lines  and  hence   can  utilize   synthesis  methods  and  mathematical 
expressions  developed  for  delay  lines.      References  7,    8,    and  9 
present  methods  of  synthesis  of  delay-line  networks  (comb  filters) 
and  illustrate  the  block  diagram  implementation  of  some  transfer 
functions. 

A  necessary  step  in  the   synthesis  procedure  is  development 
of  an  expression  for  the  transfer  function  of  a  3-pole  Chebychev 
filter.      Reference  7  gives  the  procedure  for  determination  of  the 
required  transfer  function  in  terms  of  the  Z  transform  where: 

Z     =   exp(juuT) 
so  that  1/Z   represents  a  time  delay  of  T  seconds.      The  width  of  the 
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FIGURE   5:      3-POLE  CHEBYCHEV  FILTERS 
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passband  of  a  cancellation  filter  can  be  varied  while  retaining  the 
original  filter  characteristics  by  changing  the  coefficients  of  the 
denominator  polynomial  in  the  Z-transform  representation  of  the 
filter.      The  three  different  transfer  functions  shown  along  with  their 
respective  frequency  responses  (which  are  repetitive  at  800-cps 
intervals)  in  Figure  5  were  derived  from  the  same   Chebychev  low- 
pass  filter  characteristic.      The  frequency-response  plots  of  Figure 
5  correspond  to  Figure  4.  24  (b),    (c),    and  (d)  of  Ref.    1  with  fre- 
quencies given  for  the  AN/ UPS- 1  and  in  general  terms  for  any 
pulse  radar.      The  construction  and  testing  of  a  filter  with  a  character- 
istic like  that  of  the  middle  one  in  Figure   5  is  presented  in  Ref.    10. 

Once  the  desired  transfer  function  was  known  the  next  step 
was  a  block  diagram  synthesis  of  the  desired  filter.      Perhaps  the 
most  familiar  technique  in  the  representation  of  transfer  functions 
is  the  use  of  the  Signal- Flow-Graph  (SFG).      This  technique  as 
applied  to  transfer  functions  of  delay-line  networks  is  illustrated 
in  Ref.    8.      In  the  case  of  any  3 -pole  transfer  function  derived  from 
the   same   Chebychev  characteristic  (such  as  those  in  Figure   5)  the 
transfer  function  is  of  the  form: 

(Z-l)3 


(Z-A)(Z2-BZ  +  C) 

This  can  be   separated  into  two  parts  as  a  1-pole  filter  in  series 
with  a  2-pole  filter  so  that  the   synthesis  can  be  done  in  two  steps, 
The  separation  is   shown  below: 
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FIGURE   6:      GENERAL  SFG  REPRESENTATION  OF  TRANSFER  FUNCTIONS 
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(Z-l)        m  (Z-l)2 

(Z-A)  (Z2-BZ+C) 


The  most  general  1-  and  2 -pole  transfer  functions  and  their 
SFG's  are  shown  in  Figure  6.      From  this  it  is  apparent  that  for  the 
1-pole  case 

Kf  =pl      and      Kb  =  A 

produce  the  desired  representation.      The  2-pole  block  diagram 

(or  SFG)  representation  can  be  formed  in  a  number  of  ways  dependent 

on  the  assumptions  made  in  Figure  6(b).      If  the  assumptions  used 

are 

K2  =  0      and  K     =  0 

the  block  diagram  for  the  transfer  function  given  above  is  shown  in 
Figure  7  which  also  gives  the  values  of  the  feedback  coefficients 
for  representation  of  the  transfer  functions  of  Figure   5. 
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III.       ANALOG  DELAY 

Once  the  block  diagram  of  the  desired  filter  was  synthesized 
it  was  necessary  to  determine  the  methods  to  be  used  to  actually 
construct  each  of  the  components.     The  delay  shown  as  1/Z  in 
Figure  7  is  the  basic  component  of  the  system  and  methods  to  ac- 
complish this  delay  had  to  be  determined. 

A.  SIMULATED  DELAY 

It  was  found  that  by  using  a  predetermined  timing  sequence 
a  single  analog  sample-and-hold  (S&H)  circuit  could  act  as  an 
analog  delay  and  that  a  certain  class  of  transfer  functions  could 
be  synthesized  using  this  technique,    which  can  be  referred  to  as 
simulated  delay.      The  restriction  in  the  use  of  this  method  is  that 
feedback  cannot  be  utilized,    which  greatly  limits  its  usefulness. 

As  an  example  of  simulated  delay  consider  the  analog  imple- 
mentation of  a  single  delay-line  canceller  frequency  response. 
The  input  is  the  range-gated  bipolar  video  of  the  radar  and  consists 
of  a  series  of  pulse  returns  from  a  target,    separated  in  time  by 
one  pulse -repetition  period.      The  amplitude  of  the  pulses  varies 
at  the  Doppler  frequency  of  the  target.      The  delay  required  to 
effect  perfect  cancellation  must  be  exactly  1/PRF  so  that  successive 
pulses  are  subtracted.      If  each  short  (1.4  microseconds  for  the 
AN/UPS-1)  pulse  is  stretched  out  prior  to  introduction  into  the 
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(a)   Stretched  Input  (Doppler  Frequency  200  Hz  for  UPS-1) 
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FIGURE    8:      SIMULATED  DELAY 
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canceller,    so  that  the  amplitude  is  held  constant  for  the  pulse- 
repetition  period,    the  input  to  the  canceller  looks  like   Figure  8(a). 
If  each  of  these  pulses  is  sampled  at  the  end  of  its  duration  and  this 
value  held  for  another  pulse -repetition  period  the  resulting  wave- 
form is  shown  in  Figure  8(b),      It  can  be  readily  seen  that  the  wave- 
form of  this  figure  is  the  same  as  that  of  Figure  8(a)  delayed  by 
1/PRF  except  during  the  sampling  time,    which  can  be  made  very 
short  compared  to  the  pulse  repetition  period.      Thus  if  the  delayed 
output  of  such  a  filter  is   subtracted  from  the  input,    the  frequency 
response  is  the  same  as  that  of  Figure   1(b)  and  if  two  such  filters 
are  cascaded  as  shown  in  Figure   8(c)  with  the  proper  timing  the 
frequency  response  is  the  same  as  that  of  a  dual  delay-line  canceller 
which  is  shown  in  Figure  8(d).      The  general  expression  for  the 
Z-transform  transfer  function  of  N  cascaded  stages  is  shown  below: 

(Z-l)n 


zn 


This  produces  a  frequency  response  which  can  be  expressed  as: 


Gain  =        sin 


n, 


,  0       PRF.tt  (in  radians) 

where:     8  =  u — 

F 


The  cases  N=l  and  N=2  are  illustrated  in  Figure  8(d).     A  filter 
using  this  technique  was   constructed  and  its  frequency  response 
recorded.     The  results  matched  the  theoretical  response. 

When  feedback  was  introduced  into  the  filter  the  output  became 
unstable  due  to  a  positive  feedback  loop  which  existed  during  the 
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FIGURE  9:   TRUE  ANALOG  DELAY 
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sampling  time.      Thus  this  approach  proved  to  be  of  little  value  in 
the  synthesis  of  Figure  7 . 

B.  TRUE  DELAY 

To  produce  a  true  delay  in  a  sampled  system  each  sample  must 
be  held  for  a  time  equal  to  the  pulse -repetition  period  in  a  way  that 
provides  buffering  of  the  delayed  pulse  from  the  input  pulses  so 
that  cancellation  can  take  place  and  feedback  can  be  used.      To  meet 
these  criteria  the  delay  was  designed  in  two  steps  using  two  S&H 
circuits  as  illustrated  in  Figure  9.     The  input  to  the  delay  circuit 
is  a  waveform  similar  to  that  of  Figure  8(a).      This  is  sampled  by 
the  first  S&H  and  held  untirthe  next  input  pulse  at  which  time  this 
value  is  transferred  to  the  second  S&H.      The  output  of  the  second 
S&H  circuit  is  thus  always  the  input  of  the  first  delayed  by  one  pulse  - 
repetition  period.     The  sample  timing  is  also  shown  in  Figure  9(a) 
and  requires  only  two  positive  pulses.      The  first  pulse  is  the  same 
trigger  which  activates  the  range  gate  and  the  second  pulse  is 
delayed  for  any  time  less  than  one  pulse- repetition  period  with 
respect  to  the  first.     Typical  waveforms  at  the  input,    the  output  of 
the  first  S&H  and  at  the  output  of  the  second  S&cH  are  shown  in 
Figure  9(b).     An  important  point  to  keep  in  mind  is  that  the  input  to 
a  S&H  circuit  is  only  open  during  the  sampling  time  so  that  the  value 
of  voltage  held  by  the  first  S&H  is  isolated  from  the  input  when  the 
second  one  is  sampling  and  is  isolated  from  the  output  when  the 
first  one  is  sampling. 
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IV.        FILTER  CONSTRUCTION 

To  build  a  circuit  having  the  desired  characteristics  required 
decisions  on  how  to  best  implement  the  block  diagram  of  Figure  7. 
A  similar  filter  discussed  in  Ref-    10  used  diode  switching  and 
discrete  solid-state  active  components  with  ac  coupling  in  its  con- 
struction.     The  filter  being  designed  had  to  be  more  flexible  and 
have  a  better  frequency  response  than  that  of  Ref.    10  and  hence  new 
devices  and  techniques  were  sought  to  provide  improved  performance. 

A.  INITIAL  CONSIDERATIONS 

There  are  only  two  basic  building  blocks  shown  in  Figure  7, 
an  adder/subtractor  and  a  delay.      The  components  used  in  con- 
struction of  these  devices  had  to  be  linear,    have  a  good  frequency 
response  (dc  to  several  megacycles  was  desired  in  order  to  pass 
the  fast  rise  time  of  the  pulses  and  to  produce  good  low-frequency 
response)  and  be  readily  available. 

A  very  efficient  device  which  met  the  requirement  for  use 
both  as  an  adder  and  a  subtractor  is  the  integrated  circuit  opera- 
tional amplifier  (ICOPAMP  or  OPAMP).     Another  advantage  of 
this  device  is  that  the  input  and  output  are  isolated  from  the  bias 
power  supplies  and  thus  dc  coupling  can  be  used  which  improves 
the  overall  low-frequency  response  of  the  circuit.     A  discussion  of 
OPAMPS  including  types  available,    characteristics,    and  circuits 
used  is  contained  in  Appendix  A. 

34 


The  range  gating  and  sampling  necessary  in  the  filter  required 
a  switch  with  fast  turn -on  and  turn-off  times  and  with  a  very  high 
off-resistance  and  low  on- resistance.     The  diode  bridge  meets 
these  requirements  as  do  switching  transistors,    but  both  must  be 
biased  and  hence  ac  coupled,      The  Field  Effect  Transistor  (FET) 
used  as  a  switch  requires  no  bias  at  the  input  and  output  (can  be  dc 
coupled),    has  zero  offset  voltage  between  input  and  output,    is  easily 
switched  and  was  chosen  for  use  in  switching  applications.     Appendix 
B  presents  a  discussion  of  FET  switches  including  available  types, 
switching  characteristics  and  switching  circuits  used. 

There  were  a  large  number  of  sample  and   hold  (S&H)  circuits 
which  met  the  criteria  required  for  construction  of  the  delay  ele- 
ment discussed  in  the  last  chapter.      Four  S&H  circuits  using  FET 
switches  and  OPAMPS  are  discussed  in  Ref.    11.     These  circuits 
fit  in  well  with  the  other  circuitry  selected  and  thus  were  chosen  for 
use  in  the  filter.     Appendix  C  presents  a  discussion  of  the  S&H 
circuits  used  and  their  performance. 

B.  CHARACTERISTICS 

A  circuit  schematic  of  the  final  3-pole  Chebychev  filter 

(corresponding  to  the  block  diagram  of  Figure  7  and  the  frequency 

responses  given  in  Figure  5)  constructed  is  shown  in  Figure   10. 

This  illustrates  the  basic  circuits  and  timing  used  and  includes  all 

active  components  but  does  not  show  biasing  or  frequency  compensa- 
tion which  are  shown  in  the  Appendices. 
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Some  of  the  important  characteristics  of  the  filter  are  shown  below. 

1.  Gain:     2.  9  (9.  2dB) 

2.  Maximum  input  amplitude  (peak-to-peak):   0.  5  volts 

3.  Maximum  output  amplitude  (peak-to-peak):   1.45  volts 

4.  The  maximum  amplitude  of  the  repetitive  frequency  response 
of  the  filter  is  down  3dB  at  approximately  28kc  due  to  the 
width  of  the  sampling  gate. 

5.  Power  supplies   required:     3 

The  experimental   and  theoretical  frequency  responses  of  the  first 
and  second  stages  are  shown  in  Figures   H(a)  and  (b)  and  for  the 
entire  filter  in  Figure  12.     The  very  close  tracking  of  the  experi- 
mental and  theoretical  re&ponses  indicates  good  cancellation  and 
linearity  in  the  filter  as  was  required  in  the  original  design.      The 
filter  provides  better  than  40-dB  attenuation  at  zero  frequency  and 
multiples  of  the  PRF  and  can  be  easily  modified  to  produce  the 
other  two  filter  characteristics  of  Figure  5.      Modifications  to  vary 
the  passband  in  several  ways  are  discussed  in  the  next  section. 

C.  PASSBAND  VARIATION 

The  discussion  of  filter  characteristics  in  Chapter  3  indicated 
that  a  highly  desirable  feature  of  any  MTI  filter  would  be  a  variable 
passband.      Two  possible  methods  of  variation  are  considered  in 
this  section  and  their  performance,    including  ease  of  variations 
and  frequency  response,    are  compared. 
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FIGURE  11:   1ST  AND  2ND  STAGE  RESPONSE 
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1.      Chebychev  Filter  Method 

The  first  method  is  variation  of  the  feedback  factors  to 

change  the  bandwidth  of  the  filter  so  that  the  frequency  response 

remains  a  Chebychev  type.      This  involves  varying  six  resistors 

(Rl  thru  R6  in  Figure  10).      The  resistor  values   required  to  produce 

the  three  frequency  responses   shown  in  Figure  5  are  listed  in 

Table  I  (the   response  given  in  the  previous  section  used  the  second 

set  of  resistor  values  shown), 

TABLE  I 
RESISTOR  VALUES 

Rl  R2  R3  R4  R5  R6 


1 

1. 

1.  5 

6,7 

.9 

1.6 

** 

** 

2. 

2.  0 

48. 

,68 

1.2 

1.6 

5.  1 

3. 

.  8 

3,  0 

.  48 

.68 

.42 

.  53 

Resistor  values  in  kilohms 

The  above  values  were  calculated  assuming  the  input  impedance  of 

the  OPAMPS  in  the  unity  feedback  configuration  as  infinite.      The 

gain  of  the  OPAMP  using  the  noninverting  input  was  2,      The  following 

equations  apply  in  calculating  the   resistances  in  Table  I, 

1   -   Y 
R2,      R4,      R6     =        


5xY 


Rl,     R3,     R5    =     2x  (1  -   Y) 


Y  =  Feedback  factor 
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To  synthesize  the  upper  frequency  response  shown  in  Figure   5  using 
the  same  circuit  requires  a  change  in  the  sign  of  the  feedback  factor 
which  necessitates  changing  several  internal  leads  and  cannot  be 
done  simply  by  changing  resistor  values  (which  is  why  no  values 
are  shown  for  R5  and  R6  in  the  first  row  of  Table  I).      This  method 
of  variation  of  bandwidth  maintains  an  optimum  filter  shape  but  is 
difficult  to  implement  and  hence  would  probably  not  be  practical  in 
a  range-gated  radar  where  several  hundred  filter  bandwidths  must 
be  varied  simultaneously. 

2.     Variation  of  Feedback  Resistor  Method 

Any  practical  method  of  variation  of  the  passband  of  the 
filter  must  be  very  easy  to  implement.      This  method  involves  only 
the  variation  of  two  resistor  values  (R4  and  R6  in  Figure   10)  for 
each  desired  change  in  bandwidth  and,    although  the  filter  is  no 
longer  of  the  Chebychev  type,    with  proper  design  the  passband 
shape  can  be  quite  good. 

A  further  simplification  of  the  circuit  can  be  made  by  calcula- 
tion of  the  transfer  function  of  the  Chebychev  filter  for  which  no 
feedback  is  required  in  the  first  stage.      This  eliminated  the  need 
for  the  first  OPAMP  adder /subtractor  of  Figure   10.     The  calculated 
function  is  given  below. 


_    (Z-l)3 
~7T~ 


Z(Z    -•  80Z  +  -  60) 
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TABLE  II 
VARIATION  OF  PASSBAND:  EXPERIMENTAL  RESULTS 


Freauency 

(Hz) 

1 

2 

3 

4 

5 

6 

5 

.011 

.615 

.009 

.011 

.010 

.020 

10 

.... 

.... 

.... 

.... 

.012 

.050 

20 

.011 

.015 

.010 

.016 

.030 

.130 

30 

.... 

-~_. 

.... 

.030 

.070 

.270 

40 

.012 

.020 

.016 

.060 

.125 

.550 

50 

.... 

.... 

.- — 

.110 

.250 

.750 

60 

.020 

.050 

.060 

.195 

.480 

.999 

70 

._-- 

.... 

.... 

.... 

.750 

.999 

80 

.037 

.100 

.170 

.600 

.900 

.850 

90 

.... 

.... 

.... 

.920 

.870 

.800 

100 

.070 

.240 

.400 

.999 

.850 

.750 

110 

.... 

.... 

.... 

.999 

.-.. 

.... 

120 

.110 

.400 

.770 

.920 

.770 

.730 

140 

.160 

.550 

.986 

.850 

.750 

.740 

150 

.... 

.... 

.999 

.... 

.... 

.... 

160 

.220 

.700 

.986 

.820 

.760 

.750 

180 

.290 

.770 

.960 

.820 

.780 

.790 

200 

.360 

.820 

.940 

.840 

.810 

.810 

220 

.450 

.860 

.930 

.860 

.850 

.850 

240 

.550 

.900 

.940 

.890 

.890 

.870 

260 

.620 

.920 

.950 

.910 

.900 

.900 

280 

.700 

.940 

.960 

.930 

.920 

.920 

300 

.790 

.950 

.970 

.950 

.950 

.945 

320 

.850 

.960 

.980 

.960 

.960 

.950 

340 

.910 

.970 

.990 

.990 

.970 

.960 

360 

.950 

.990 

.990 

.990 

.995 

.970 

380 

.980 

.995 

.995 

.995 

.999 

.990 

400 

.999 

.999 

.999 

.999 

.999 

.999 

Gain:   10. 

4. 

2.9 

1.9 

1.7 

1.3 

R4 

2.0 

1.1 

1.3 

.8 

.4 

R6 

6.0 

5.1 

.8 

.79 

.67 

Rl=  N/A 

R2=  N/A 

R3=.68 

Resistor 

values 

in  KOhms 

R5=1.6 

Rl  thru  R6  refer  to  Figure  10. 
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TABLE  III 
VARIATION  OF  PASSBAND:  THEORETICAL  RESULTS 


Freouency 

1 

2 

3 

4 

5 

6 

0 

.000 

.000 

.000 

.000 

.000 

.000 

10 

.005 

.0004 

.0002 

.003 

.008 

.033 

20 

.015 

.002 

.002 

.011 

.025 

.092 

30 

.034 

.006 

.006 

.026 

.058 

.209 

40 

.064 

.013 

.014 

.053 

.119 

.459 

50 

.108 

.024 

.030 

.101 

.228 

1.046 

60 

.169 

.042 

.055 

.186 

.431 

1.668 

70 

.248 

.069 

.096 

.338 

.766 

1.326 

80 

.350 

.105 

.158 

.618 

1.020 

1.056 

90 

.475 

.153 

.252 

1.100 

1.000 

.921 

100 

.626 

.216 

.389 

1.160 

.902 

.850 

110 

.804 

.292 

.574 

1.068 

.834 

.811 

120 

.101 

.378 

.776 

.961 

.795 

.791 

140 

.150 

.552 

.984 

.852 

.766 

.780 

150 

.179 

.626 

.987 

.831 

.764 

.783 

160 

.211 

•  .687 

.969 

.821 

.769 

.790 

180 

.282 

.771 

.934 

.822 

.788 

.809 

200 

.361 

.822 

.919 

.836 

.814 

.833 

220 

.446 

.858 

.918 

.838 

.842 

.858 

240 

.534 

.889 

.925 

.882 

.871 

.884 

260 

.624 

.914 

.936 

.906 

.898 

.909 

280 

.711 

.936 

.951 

.929 

.924 

.931 

300 

.791 

.955 

.964 

.950 

.946 

.951 

320 

.862 

.971 

.976 

.967 

.965 

.968 

340 

.920 

.983 

.986 

.981 

.980 

.982 

360 

.964 

.992 

.992 

.991 

.991 

.992 

380 

.991 

.998 

.998 

.998 

.998 

.998 

400 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 
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Implementation  of  this  as  the  basic  filter  (the  frequency  response 
is  the  same  shape  as  that  of  Figure  12  but  has  a  bandwidth  which  is 
about  18  cps  smaller)  was  accomplished  prior  to  variation  of  the 
passband. 

Because  of  the  complications  involved  in  calculating  the  best 
possible  frequency  response  for  variation  of  the   resistors,    the 
variation  was  done  experimentally  and  six  frequency  responses 
corresponding  to  six  different  bandwidth  filters  were  recorded,      The 
results  are  given  in  Table  II  and  plotted  in  Figures   13  and  14, 
These  results  illustrate  a  wide  range  of  possible  bandwidths  with 
filters  that  are  flat  to  within  3  dB  across  their  passband  and  could 
be  made  readily  adjustable  by  varying  two  potentiometers  in  each 
range  channel  to  any  of  six  preset  values  and  by  providing  a  circuit 
to  compensate  for  the  varying  gain  of  the  filter  as  the   resistance 
values  were  varied.     The  transfer  functions  of  each  of  the  experimen- 
tally determined  responses  were  calculated  as  shown  in  Appendix  D. 
From  the  transfer  functions,    theoretical  frequency  responses  were 
calculated  and  plotted  using  a  computer  and  results  are  given  in 
Table  III.      The  results  agreed  closely  with  the  experimental  values. 

D.         SUGGESTED  IMPROVEMENTS 

The  cancellation  filter  constructed  performed  in  close  accord 

with  design  requirements  and  theoretical  expectations.     A  number 

of  refinements  or  component  improvements  are  possible,    some  of 
which  would  increase  the  effectiveness  of  the  filter  for  use  in  a 
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range  channel  of  a  range -gated  MTI  radar  and  some  which  would 
decrease  the  number  of  components  and  hence  the  cost  of  the  filter. 

A  simple  gain- compensation  circuit  could  be  built  (as  mentioned 
in  the  previous  section)  which  would  provide  a  constant  gain  for  a 
change  in  the  shape  of  the  frequency  response  of  the  filter.      For 
the  passband  shapes  determined  in  Section  C  the  gain  varies  from 
1.3  to  10.  0  (as  shown  in  Table  II)  so  that  gain  compensation  of  a 
single  amplifier  should  be  sufficient. 

An  OPAMP  with  no  dc  input  current  requirement  would 
eliminate  the  need  for  the  approximately  3-microampere  constant- 
current  source  at  the  positive  input  to  the  OPAMPS  used  in  the 
high-input  impedance  S&H  configuration.     An  FET  input  buffer 
before  the  OPAMP  could  provide  a  very  high  input  impedance  for 
the  hold  capacitor  and  also  eliminate  the  constant- current  source 
requirement,    but  ac  coupling  would  be  necessary. 

The  filter  was  designed  for  input  signal  levels  from  the 
AN/UPS-1  bipolar  video  and  if  handling  of  larger  signal  levels  is 
required  different  components  would  be  necessary.      Design  of  the 
filter  in  integrated  form  (with  the  exception  of  the  holding  capaci- 
tors) would  greatly  reduce  the  size  of  each  filter  and  improve  the 
clutter  attenuation  by  reducing  the  length  of  the  leads. 
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V.       TESTING  THE  FILTER  ON  THE  AN/UPS-1  RADAR 

In  order  to  evaluate  the  completed  filter  more  thoroughly  it 
was  necessary  to  compare  it  with  a  delay-line  canceller  in  an  MTI 
radar.      The  AN/UPS- 1  has  a  delay-line  canceller  MTI  capability 
with  a  range  of  about  80  nautical  miles  and  was  designed  as  a 
medium- range  air-search  radar.     (The  range  in  the  non-MTImode 
is  somewhat  greater.  )    The  most  valid  comparisons  were  measure- 
ment of  the  minimum  discernible   signal  and  subclutter  visibility 
with  the  same  input  signal  to  both  the  delay-line  canceller  and  the 
range  channel  containing  the  filter.      In  order  to  make  the  comparison 
it  was  necessary  to  build  the  remaining  components  of  a  range 
channel  in  which  the  filter  could  be  tested,      The  construction  of 
these  components  is  described  in  this  chapter. 

A.         DESIGN  AND  CONSTRUCTION  OF  THE  RANGE  CHANNEL 

A  block  diagram  of  the  components  required  to  build  a  complete 
range  channel  for  use  in  a  range -gated  radar  is   shown  in  Figure  2(a). 
The  primary  considerations  in  design  of  the  channel  were  that  it  be 
compatible  with  the    filter  in  terms  of  signal  levels  and  bias,    and 
that  the  range  channel  be  efficient  enough  to  demonstrate  the  cap- 
abilities of  the  filter. 

The  input  to  the  channel  is  the  bipolar  video  output  of  the 
radar,    and  this  must  be   sampled  at  a  single  range  interval  of  1.  4 
microseconds  (which  is  the   radar  pulse  width),      If  a  target  is 
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contained  within  this   range  interval  the  value  must  be  held  for  the 
pulse -repetition  period  of  1.25  milliseconds,     This  long  hold  to 
sample-time  ratio  requires  the  very  rapid  charging  of  a  capacitor 
thru  the  range-gating  switch  and  a  very  high- input- impedance  buffer 
after  the  capacitor  and  prior  to  the  filter.      This  holding  circuit  is 
the  so-called  boxcar  generator  of  Figure  2(a),     Reference   12  dis- 
cusses the  design  and  construction  of  a  range  channel  and  there 
a  MOSFET  input  to  the  filter  was  used,    thus  accomplishing  the 
holding  efficiently  in  a  single  step.     It  was  found  that  a  boxcar 
built  using  the  circuits  of  Appendix  C  did  not  have  a  flat  enough 
hold  with  the  short  sampling  pulse  used  and  thus  two  sample -and - 
hold  stages  were  cascaded  to  provide  the  input  boxcar.      Figure  15 
illustrates  the  circuit  diagram  of  the  initial  section  of  the  range 
channel  prior  to  the  filter.     The  Darlington- pair  input  to  the  FET 
range  gate  provided  the  current  drive  required  to  charge  the  hold- 
ing capacitor  to  the  maximum  value  of  input  voltage  during  the 
short  gating  time.     Only  a  single  driver  of  this  type  would  be   re- 
quired in  an  MTI  by  RGF  radar,    and  hence  it  is  not  a  part  of  the 
range  channel,     A  variable -delay  pulse  generator  triggered  by  the 
AN/UPS- 1   system  trigger  was  used  to  control  the  range  interval 
covered  by  the  channel.     Real  targets  were  tracked  by  adjustment 
of  the  variable  delay  (shown  in  Figure  15)  to  keep  the  range  in- 
terval coincident  with  the  target. 
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The  output  portion  of  the  range  channel  is   shown  in  Figure   16 
and  includes  a  full-wave  rectifier,    an  integrator,    and  a  threshold 
detector  prior  to  an  output  gate.      This  provides  a  unipolar  output 
coincident  with  the  input  so  that  the  output  of  the  many  range  gates 
required  in  a  radar  could  be  combined  for  display,     The  full-wave 
rectifier  was  constructed  using  an  FET  which  provided  signals  of 
equal  amplitude  but  opposite  sign  at  the  source  and  the  drain. 
These  signals    were  fed  into  diode  rectifiers   so  that  the  output  was 
the  full-wave  rectified  input,     The  resistor  marked  Rl  is  to 
equalize  the  driving  impedance  seen  by  the  two  diodes..      The   1N276 
Germanium  diodes  were  chosen  for  their  low  offset  voltage.      The 
large  voltage  gain  of  the  OPAMP  was   required  to  charge  the  long- 
time constant  integrator  to  about  0.,  5  volt  when  a  target  was  present. 
The  optimum  time  constant  of  the  integrator  was  determined 
(from  considerations  of  maximum  output  signal-to-noise  ratio  for 
an  exponentially  weighted  system  (Ref,    1))  to  be  65  milliseconds, 
Since  the  output  impedance  of  the  OPAMP  is  very  small  the  dis- 
charge time  constant  with  no  signal  present  is  the  same  as  the 
charging  time  constant.      The  threshold  detection  was  accomplished 
by  adjustment  of  the  variable  resistor  (marked  R2  in  Figure  16) 
so  that  the  output  was  zero  with  a  noise  only  input.     The  video 
reconstruction  circuit  was  a  switching  FET  turned  on  with  the 
same  pulse  used  to  trigger  the  input  range  gate,     This  FET  sampled 
the  output  of  the  integrator  which  was  a  positive  dc  voltage  (0  for  no 
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target)  and  hence  the  output  was  unipolar  and  suitable  for  direct 
combination  with  the  other  range  channels  in  a  system. 

B.  EXPERIMENTAL  PROCEDURE 

In  order  to  validly  compare  the  minimum  discernible   signal 
and  subclutter  visibility  of  the   range  channel  with  that  of  the  delay- 
line  canceller  of  the  AN/UPS-1,    it  was  necessary  to  be  able  to 
simultaneously  observe  the  video  output  (both  with  and  without  MTI) 
of  the  radar  video  processor  and  the  output  of  the  range  channel. 
For  reproducibility  of  results  a  signal  was  injected  into  the  radar 
from  a  signal  generator.     This  allowed  simulation  of  a  moving 
target  of  any  size  and  at  anyrange.      Tracking  of  a  real  target  with 
the  single   range  channel  was  possible  (and  was  accomplished)  but 
did  not  allow  sufficient  time  to  make  the  desired  comparisons  since 
aircraft  moved  rapidly  out  of  the  narrow  range  interval  covered  by 
the  channel.     A  block  diagram  of  the  experimental  set-up  (which  is 
similar  to  that  used  in  Ref.    12)  is  shown  in  Figure   17. 

The  minimum-discernible- signal  comparisons  were  made  by 
displaying  both  the  radar  output  (normal  and  MTI  video)  and  the 
range  channel  output  simultaneously  on  the  dual-trace  oscilloscope. 
The  output  of  the  simulated  target  generator  was  reduced  until  no 
target  was  visible  on  the  oscilloscope  from  the  radar  output.      The 
number  of  dB  below  this  level  at  which  the  signal  was   still  visible 
using  the   range   channel  output  was  then  determined.      The  relative 
subclutter  visibilities  were  determined  in  a  similar  manner. 
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FIGURE   17:      EXPERIMENTAL  SETUP 
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FIGURE  18:   RANGE  CHANNEL  INPUT  AND  OUTPUT  I 
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Relative  measurements  were  used  since  absolute  measure- 
ments are  dependent  upon  a  number  of  factors  such  as  radar  tuning, 
tuning  of  the   signal  source  to  the  exact  frequency  of  the  radar,    and 
experience  of  the  operator.     The  comparative  measurements  taken 
should  be  reproducible  as  long  as  the  systems  are  operated  in 
parallel. 

C.  RESULTS 

The  experimental  results  determined  upon  comparison  of 
the  range  channel  performance  and  the  performance  of  the  AN/UPS-1 
video  processor  are  listed  in  Table  IV. 

TABLE  IV 

RADAR  COMPARISON  RESULTS 

Min.    Disc.    Signal  Subclutter  Visibility 

Normal  video  10-dB  improvement  N/A 

Range  channel        12-dB  improvement  10-dB  improvement 

(MTI  output  is   reference) 

As  mentioned  previously  the  delay-line  canceller  MTI  video 
processor  degrades  the   signal-to-noise  ratio  of  the  input  signal 
more  than  the  normal  video  processor.      In  this  test  the  minimum 
discernible  signal  of  the  MTI  video  was  about  10  dB  greater  than 
that  of  the  non-MTI  (normal)  video  output  which  illustrated  the 
extent  of  this  degradation.      With  the   range  channel  it  was  possible 
to  discern  a  signal  which  was  about  2  dB  below  that  of  the  normal 
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video  and  12  dB  below  that  of  the  MTI  video.      This  improvement  is 
due  to  more  efficient  pulse  cancellation  in  the  filter  than  in  the 
delay-line  canceller. 

An  illustration  of  the  output  of  the  range  channel  gated  ON 
for  1.4  microseconds  with  a  1,  4-microsecond  target  return  is   shown 
in  the  upper  portion  of  Figure   18.     The  blurred  portion  is  due  to 
noise  and  the  indication  that  a  target  is  present  is  the  positive  pulse 
(the  center  of  the  superimposed  noise  is  the  top  of  the  pulse),     The 
lower  portion  of  Figure   18  is  the  bipolar  video  input  to  the  channel 
which  produced  the  upper  picture  as  an  output,     A  signal  strength 
of  -95  dBm  was  used  in  Figure  18  and  the  target  is   clearly  visible 
in  both  pictures.      Figure   19  shows  the  same  two  outputs  for  an 
input  signal  of  -110  dBm.      This  time  the  target  was  not  visible  at 
the  input  to  the   range  channel  but  is  clearly  visible  at  the  output. 
This    can  be  seen  more  clearly  by  comparing  Figure  19  with  Figure 
20  which  is  the  input  and  output  for  noise  alone,     Signals  at  levels 
lower  than  -110  dBm  could  be  discerned  in  the  range  channel;  how- 
ever,   noise  fluctuations   caused  blurring  and  increased  the  difficulty 
of  obtaining  meaningful  photographs       Figure  21   shows  the  MTI 
and  normal  video  outputs  of  the  radar  for  a  -110  dBm  input  signal. 
The  target  was  not  visible  in  either  case.     This  illustrates  the 
superiority  of  the  range  channel  in  target  detection  since  the   same 
target  was  clearly  visible  when  using  it  (Figure   19  (top))..      The 
improvement  in  minimum  discernible  signal  was  due  to  several 

56 


w 

u 

w 
o 

2 


i-H 

w 
3 

o  ft 


Oh 

H 

O 
Q 

H 


W 

u 

w 
o 
z 

2 


o 

CM 

w 


0  ft 


57 


CO 

w 
2 


ft 
H 

O 
O 

w 


p 
w 

H 

i 
W 

o 

<! 

Q 
W 
H 
< 
P 
1=) 


en 


CO 


ID 

o 


pj 

< 

p 


o  p 
i— •  i— i 

h  > 


factors  including  more  efficient  integration  in  the  range  channel 
and  the  lower  noise  figure  of  the  solid-state  circuitry  compared 
with  the  delay  line  and  its  associated  circuits. 

Noise  effects  can  be  eliminated  in  the  video  presentation  of 
a  range -gated  radar  by  adjustment  of  the  threshold  detector  in  the 
range  channels.      In  addition,    the  integration  of  all  of  the  pulses 
returned  from  a  target  during  the  time  the  target  is  within  the  radar 
antenna  beamwidth  smooths  out  noise  effects.     Thus  an  oscilloscope 
presentation  of  the  output  of  a  series  of  range  channels  would  be 
free  of  noise,    and  if  a  target  were  present  it  would  be  readily  iden- 
tifiable.    This  is  illustrated  in  Figure  22  which  shows  a  simulation 
of  the  output  of  six  consecutive  range  channels.      One  of  the  output 
intervals  in  the  figure  indicates  that  a  target  is  present  and  there  is 
some  noise  superimposed  on  the  output  pulse.     The  clear  indication 
that  a  target  is  present  with  no  noise  appearing  in  adjacent  range 
intervals  is  indicative  of  the  quality  of  the  output  display  of  a  range- 
gated  radar. 

As  a  target  passed  between  two  range  intervals  the  amplitude 
of  the  output  pulse  would  gradually  decrease  in  the  first  interval 
and  increase  in  the  second  until  the  target  disappeared  completely 
from  the  first  interval.      This  is  a  gradual  process   so  that  it  is 
possible  for  a  single  target  to  activate  two  range  channels  simul- 
taneously.     Hence  a  target  should  be  visible  at  all  times.     At  the 
maximum  range  of  the  radar,    however,    a  target  return  may  be 
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large  enough  to  show  up  while  in  the  center  of  a  range  interval  and 
not  be  large  enough  to  activate  the  threshold  detector  of  either 
channel  while  between  two  intervals.     A  momentary  loss  of  a  target 
could  occur  in  this  case. 
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VI.      DISCUSSION  OF  RESULTS  AND  CONCLUSION 

The  variable -bandwidth  filter  constructed  produced  a  desirable 
Doppler  frequency  response  which  could  be  used  to  eliminate  clutter 
in  a  variety  of  environmental  conditions,     An  example  of  the  useful- 
ness of  such  a  filter  would  be  in  detection  of  aircraft  flying  low 
over  water,    which  might  be  hidden  by  sea  clutter  if  a  less  effective 
filter  were  used,     The  greater  than  40-dB  attenuation  of  the  filter 
at  multiples  of  the  PRF  was  better  than  many  currently  used  MTI 
radars  and  could  be  improved  by  using  printed-circuit  or  integra- 
tion techniques  which  would  reduce  spurious  responses  introduced 
by  long  leads  used  on  the  vector  board  model  which  was  constructed. 

The  number  of  active  components  required  to  construct  this 
3-pole  filter  is  larger  than  the  number  required  for  a  comparable 
3 -pole  bandpass  filter  (Ref.    3). 

A  number  of  range -gated  search  radars  have  been  built 
which  provide  considerably  increased  performance  over  comparable 
delay-line  MTI  radars  (Refs,    2  and  4).      None  were  found  to  have 
variable-bandwidth  3-pole  filter  characteristics  or  to  use  the  type 
of  filter  discussed  in  this  paper,    probably  due  to  the  increased 
complexity  and  hence  cost  of  the   required  circuitry. 

The  filter  and  range  channel  constructed  allow  variation  of 
pulsewidth  with  no  effect  on  filter  characteristics. 
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The  Doppler  characteristic  shown  in  Figure   1  (b)  as  the  ideal 
response  is  for  a  single   PRF  and  has  frequencies  at  and  around 
multiples  of  the  PRF  at  which  no  target  would  be  visible.      The  veloc- 
ities corresponding  to  these  frequencies  are  known  as  blind  speeds 
and  can  cause  loss  of  a  target.     A  technique  developed  to  eliminate 
blind  speeds  is  use  of  a  variable  interpulse  period  (VIP)  so  that,    for 
instance,    groups  of  five  consecutive  pulses  would  have  different 
interpulse  periods.      VIP  cannot  be  readily  used  on  delay-line 
canceller  radars.     This  technique  is  applicable  to  the  range  channel 
and  filter  constructed  and  the  results  of  such  a  variation  are  easily 
calculated  since  the  filter  shape  remains  the  same  and  only  the 
bandwidth  changes  for  different  PRFs.      Hence  addition  of  the  fre- 
quency responses  for  each  PRF  and  normalization  of  the   result 
yields  the  VIP  frequency  response,      Reference  5  discusses  the  VIP 
method  used  for  elimination  of  blind  speeds. 

The  conclusions  reached  upon  completion  of  the  construction 
and  testing  of  the  filter  and  associated  range  channel  were  that  this 
concept  provides  a  high-performance,    solid-state,    range-gated 
radar  which  is  very  flexible.      With  modern  LSI  techniques   such 
channels  could  be  used  to  greatly  reduce  the   size  of  the  video- 
processing  unit  of  a  delay-line  canceller  type  of  radar  with  a 
simultaneous  increase  in  performance. 
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APPENDIX  A 

Operational  Amplifiers 

Integrated-circuit  operational  amplifiers  (ICOPAMPS  or 
OPAMPS)  are  linear  amplifiers  having  very  high  open-loop  voltage 
gain.      In  addition,    OPAMPS  have  the  following  properties: 

1.  Bandwidth  from  dc  to  some  upper  3-dB  frequency  (which 
is  dependent  on  the  quality  of  the  OPAMP  and  the  feed- 
back used). 

2.  High  input  impedance. 

3.  Low  output  impedance. 

4.  Low  noise  figure.' 

5.  Low  offset  (voltage  and  current). 

6.  Small  drift. 

OPAMPS  are  used  to  perform  many  different  operations  in- 
cluding integration,    differentiation,    summation,    and  subtraction. 
A  complete  discussion  of  OPAMPS  including  equations  for  calcula- 
tion of  various  parameters,    feedback  circuits  and  frequency  compen- 
sation is   contained  in  Ref.    13. 

The  device  characteristics   required  for  the  circuit  designed 
were  high  input  impedance,    low  output  impedance,    rise  and  fall 
times  of  less  than  0,  5  microseconds,    variable  gain  (0  dB  to  20  dB) 
and  capability  for  use  as  a  scaling  adder/subtractor.      The  ICOPAMP 
adequately  met  all  of  these  requirements. 
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The  two  available  OPAMPS  (the  Fairchild    UA-709  and  the 


RCA  CA-3029)  were  tested  and  compared,  The  data  sheets  (Refs, 
14  and  15)  and  calculations  using  equations  from  Ref.  13  indicated 
the  following  pertinent  characteristics: 

uA-709  CA-3029 


Power  supplies 

Input  (open  loop) 

Input  (unity  gain) 

Output  (open  loop) 

Output  (unity  gain) 

Open  loop  gain 

Rise  time 

Percent  overshoot 

Bandwidth  (unity  gain)  0.  7 

*  Calculated 


+  18 
100 

+6 
14 

100* 

15* 

150 

75 

0.  05* 

0.  2* 

40000 

1000 

0.3 

0.  16 

10 

small 

1     0.  7 

10 

units 

volts 

Kohms 

Mohms 

Ohms 

Ohms 

sec 

MHz 


Tests  made  on  two  units  of  each  type  showed  the  values  given 
above  to  be  accurate  except  that  the  rise  time  of  the  709  was  greater 
than  0.  3  microsecond.     Since  the   circuit  must  pass  fast  rise -time 
pulses  the  CA-3029  was  chosen  for  use  although  its  input  and  output 
resistances  were  not  as  good  as  the  709  and  hence  its  performance 
in  S&H  circuits  not  as  good. 

The  CA-3029  comes  in  a  14-lead  dual-in-line  configuration. 

The  terminal  connections  used  in  the  unity-gain  configuration  are 

shown  in  Figure  23  (a).      For  a  gain  greater  than  one,    the  only 

changes   required  are  addition  of  a  feedback  resistor  and  different 

frequency  compensation  between  terminals  9-10  and  1-14,    as  shown 

in  Ref.    13.     The  resistor  and  capacitor  used  for  frequency  compen- 
sation from  terminal  1 1  to  ground  were  adjusted  for  optimum  rise 
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time  and  are   required  for  stability  in  the  unity- feedback  configuration 
only.     The  current  source  shown  in  the  figure  is  necessary  when 
used  in  a  S&H  circuit  to  provide  a  flat  hold  since  a  3-microampere 
dc  input  current  is  required  by  the  device.      This  can  be  provided  by 
a  large  resistor  and  high-voltage  source  (as  was  done)  or  by  use  of 
an  FET  input  stage. 

Figure  23  (b)  shows  the  terminal  connections  for  a  scaling 
adder/subtractor  configuration  and  the   symbol  used  in  Figure   10 
for  this  utilization  of  the  device.     The  equation  for  the  output  voltage 
in  terms  of  the  input  voltages,    assuming  zero  source  impedance 
for  each  input  (which  is  a  good  assumption  since  the  input  voltages 
all  come  from  other  OPAMPS  in  the  unity- gain  configuration)  is 
given  below. 

V_                 1       _,        ,     „           R  0  /     /  R  .  Ro  /     /  R  A 

O     -     -    ^-Vi   +  2'    —2 4- V?+2  •  2      ,  ,  4    y 

Rl  Rj+F^/   /R4  C  R3+R2//R4        3 

R    in  kilohms 
/  /  =  in  parallel 

This  equation  was  used  in  conjunction  with  the  transfer  function 
derived  in  Appendix  D  to  derive  the  theoretical  responses  given  in 
Table  III. 

The  approximate  input  resistances   seen  by  the  sources  VI, 
V2,    and  V3  of  Figure  23  (b)  are  given  below  as  Rl,    R2,    and  R3 
respectively. 
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Rl     =     Rj  +1 

R2     =     R2  +  R    /    /R 

R3     =     R3  +  R4/   /R 


The  CA-3  029  provided  excellent  results  in  all  circuit 
configurations  in  which  it  was  used. 
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(a)   Unity  Gain  Configuration 


Symbol 


30pf       1.5 
H| i*AAAr- 


Wiring 


Resistance  in  KOhms 


(b)   Scaling  Adder /Sub tract or  Configuration 


1 


30pf 

4h 


1.5 

■WAn 


JT~^ 


Symbol 


-6V  ^ — *— 


14 
13 
12 
11 
10 
9 
8 


— •- 


+6V 


-«^> 


1.5 


—•-WW 
>  II  "J, 


30pf 


Wiring 


FIGURE  23:   OPAMP  TERMINAL  CONNECTIONS 
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APPENDIX  B 
Switching  with  FETs 

The  principle  features  which  distinguish  FET  switches  from 
other  solid-state  switching  devices  are:     simplicity  of  operation, 
ability  to  dc  couple  the  switch,    bias   required  at  gate  only  (if  en- 
hancement and  depletion  mode  MOSFETs  are  used  it  is  possible 
to  eliminate  bias  completely),    no  offset  voltage  and  high  OFF 
resistance.      The  principle  disadvantage  has  been  too  high  ON 
resistance  and  high  cost.      Modern  switching  FETs  have  improved 
characteristics  so  that  they  are  highly  competitive  switching 
devices  and  are  being  used  to  a  greater  extent  in  modem  instrumen- 
tation.     There  are  basically  two  types  of  FETs  in  use,    the  Junction 
FET  (JFET)  and  the  insulated  gate  FET  (MOSFET).     Reference  16 
provides  a  general  discussion  of  FETs  and  Ref.    17  contains  ex- 
amples of  a  number  of  JFET  switching  circuits  and  some  of  their 
characteristics. 

The  readily  available   FETs  were  not  made  specifically  for 
switching  purposes  except  for  the  2N4857  type  which  was  only 
available  near  the  end  of  the  project.      The  characteristics  of  the 
devices  at  hand  were  checked  and  simple  tests  made  to  determine 
the  one  with  the  best  switching  characteristics.      Some  pertinent 
characteristics  of  the  available  FETs  are  shown  below. 
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R(ON) 

R(OFF)* 

Time 

signal 

Type 

(Ohms) 

(MOhms) 

(    \l     sec) 

(volts) 

2N3819 

140-300 

10-100 

.  2 

1.  5 

N  channel  JFET 

2N4857 

25-40 

10-100 

.  006 

1.  5 

N  channel  JFET 

2N4360 

160-180 

10-100 

.  5 

2,  0 

P  channel  JFET 

40468 

1000 

100-1000 





MOSFET 

3N141 

1000 

100-1000 





dual -gate 

MOSFET 

-^Theoretical  value 


The  2N3819  and  2N4360  FETs  were   sorted  and  those  with  mini- 
mum ON  resistance  used  in  the  switching  circuits  since  low  ON 
resistances  were  required.      The  2N4857  was  used  in  circuits  re- 
quiring very  low  ON  resistance  and  fast  switching  times  when  it 
became  available,      Figure  24  shows  the  switching  circuits  used  for 
the  three  types  of  FETs  employed  as  switches. 

The  value  of  input  resistance  of  the  stage  following  the  FET 
switch  shown  in  Figure  24  results  in  an  output  greater  than  0.  9 
(or  90  percent)  of  the  input  to  the   switch.      In  analysis  of  the   switch- 
ing circuits,    one  simply  uses  the  ON  and  OFF  resistances  of  the 
FET  used.      These  resistances  do  vary  with  amplitude  of  the  signal, 
but  with  a  high  input  resistance  of  the  next  stage  the  small  change 
in  ON  resistance  does  not  appreciably  affect  the  output  unless 
large  signals  (greater  than  1.  5  v)  are  used.      Due  to  capacitance 
between  the  source  and  drain  the   rise  time  of  the  switching  pulse 
should  be  greater  than  0.  1  microsecond  for  the  2N3819  and  2N4360 
to  prevent  the  presence  of  a  small  switching  transient  at  the  signal 
input. 
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(a)      2N3819  N-Channel  JFET 


Source 


Drain 


Gate 


"*    t^R     greater  than  2 
( — r       ON 

»  3 


r- 


OFF 


6.2 


Waveform  at   the 
Gate 

+8V 


JIT 


■14V 


OV 


(b)      2N4857  N-Channel  JFET 


Source 


Drain 


+5V 
OV 


,v  n 


^Rt   greater 

^-L        -iv  r-^)N 


Gate 


10 


-6V 


than  .5 


OFF 


Waveform  at  the 
Gate 


-6V 


(c)   2N4360  P-Channel  JFET 
Source* 

OV 


x; 


Drain  .,         _ 

greater  than  2 


Gate 


I  +1H 


ON 


OFF 


.05 


■AA/W->   +6V 

500 


100 


FIGURE   24:      FET  SWITCHING  CIRCUITS 
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APPENDIX  C 
Sample -and -Hold  Circuits 

The  sample -and-hold  (S&H)  circuit  is  basically  a  timed 
switch  connected  to  a  storage  element  so  that  any  input  can  be 
sampled  and  the  sample  voltage  held  on  the  storage  element  until 
a  new  sample  is  taken.      Capacitors  were  used  as  the  storage  ele- 
ments and  FETs  as  the  switches  in  the  implementation  of  the  S&H 
circuits.     A  basic  S&H  using  these  components  is  shown  in  Figure 
25(a).      From  this  it  can  be   readily  seen  that  the  charge  and  dis- 
charge time  constants  for  the  circuit  are  given  by: 


Tc    =    RDS(on)    .     C      . 


RDS(on)  =  ON  resistance  of  FET 


Td  =  Ri  '  c 

R.       =     input  resistance  of 
the  following  stage 


The  discharge  of  the  capacitor  thru  the  FET  switch  is  neglected 
in  the  OFF  position.      These  equations  show  the   requirement  for  a 
good  current  driver  and  a  high  impedance  output  if  a  short  sampling 
time  and  long  hold  time  are  desired. 

The  value  of  capacitance  used  is  based  on  a  compromise 
between  sample  time  and  hold  time  and  is  the  only  variable  in  a 
circuit  such  as   Figure  25(a)  since  the  ON  resistance  of  the  FET 
must  be  minimized  and  the  input  resistance  of  the  next  stage  maxi- 
mized for  optimum  performance. 
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The  two  variations  of  S&H  circuits  used  in  construction  of  the 
filter  are   shown  in  Figure  25(b)  and  (c)  along  with  their  charge 
and  discharge  time  constants.     Some  characteristics  of  the  circuits 
are  given  below. 


Flat   hold  to  Freq.     Max.    input 

Configuration  sample  time  (max)    Gain    resp.      (pk.    to  pk.  ) 


40 

sec 

+  1 

.  9  flat 

1.  5V 

200 

sec 

+  1 

.  9flat 

1.  5V 

80 

sec 

+  1 

.  95flat 

1.  5V 

Potent.  2N3819 
Potent.  2N4857 
Self-buffered 


The  self-buffered  configuration  used  a  single  OPAMP  which 
is  time  multiplexed  for  use  as  both  the  current  driver  and  the  out- 
put buffer,    and  hence   requires  only  a  single  OPAMP  whereas  two 
are  required  in  the  Potentiometric  configuration.     Two  N-channel 
and  one  P-channel  FETs  were  used  as   shown  in  Figure  25(c)  so 
that  a  single  positive  pulse   could  be  used  to  operate  the  S&H. 
Reference   11  discusses  S&H  circuits  using  FET   switches  and 
OPAMPS  and  provides  more  information  on  the  general  character- 
istics of  the  circuits   shown  in  Figure  25. 
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(a)      Basic 
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ON        ,-, 
OFF 


Jl_ 
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(b)      Potent iome trie 
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2N4857   or 
2N3819 
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Charging  Capacitor 
2N3819  Time  Constant  =  1.6  microseconds 
2N4857  Time  Constant  =  0.4  microseconds 


Both 


Discharging  Capacitor 
Time  Constant  =  60  milliseconds 


(c)   Self -Buffered 


T 


"R. 


2  J   .0Z£   3? 


v 


1  and  3-2N3819         Charging  Time  Constant  =3.2  microsec. 
2-2N4360  Discharge  Time  Constant  =  60  millisec. 

FIGURE   25:      SAMPLE -AND -HOLD  CIRCUITS 
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APPENDIX  D 
Transfer  Function  Derivation 

In  order  to  calculate  the  theoretical  frequency  response 
given  in  Table  III  the  equations  of  Appendix  A  must  be  used  to 
find  the  variables  A,    B,    C  and  D  in  the  transfer  function  of  the 
following  comb  filter  (shown  in  block  diagram  form). 


General  equations: 

Vx     =    BVi-V1/Z    +    AVf 


V2     =    DV1-V1/Z    +     CV 


Solution: 

Vi     =    (B  -   1/Z)V.     +    (A/Z)V 

J-  L-i 

V2     =    (D  -   1/ZJVj    +    (C/Z)V2 
Vo 

v      =     DZ    -    1    V, 
v2  Z       -    C       l 

(Z-Q(BZ-l)         v 
Vl     =    Z2  -  (C+AD)Z+A    X 


vf  =   v2/z 


Vo    =    V2  "  Vf 


V2(l-1/Z) 


V 


o    =      (Z-1)(DZ-1)(BZ-1) 
Z(Z2-(C+AD)Z+A) 


This  is  the  desired  transfer  function 
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